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B y  F. T .  M a v i s ,1 T e - Y u n  L i u  2 a n d  E d w a r d  S o u c e k  3 
I n t r o d u c t i o n
1. Synopsis. — The analysis of data on the transportation of bed 
load by flowing water is usually based on one of two hypotheses. 
For a given bed material the rate of bed load movement is assumed 
to depend (1) on the velocity of the water at the bed of the stream, 
or (2) on the “tractive force” which is proportional to the product 
of depth of flow and slope of water surface. Data obtained in more 
than 400 tests are analyzed with a view to comparing quantitatively 
relationships based on these two hypotheses.
Tests were conducted in a tilting flume 32 ft. long, 32 in. wide, 
and 16 in. deep. Six granular materials, ranging from 1.4 to 4.4 mm. 
mean diameter, were used as bed materials. Under conditions of 
steady and substantially uniform flow, rates of bed load transporta­
tion were observed for flume slopes of -J-, Jr, and 1 per cent. Cor­
responding rates of water flow, depths, velocity distributions, and 
material movements for a wide range of conditions were observed 
in the tests. Roughness factors in Manning’s formula were also 
determined for each test.
Empirical formulas are derived for rates of bed load movement in 
terms of bottom velocity and in terms of “tractive force.”
2. Acknowledgments. —  A thesis by T e - Y u n  L i u  submitted in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy in Hydraulic Engineering at the State University of
N o t e .  —  Published by the University, Iowa City, Iowa, 1937.
1 Professor and Head, Department of Mechanics and Hydraulics.
2 Graduate Student in Hydraulic Engineering.
3 Research Assistant Engineer, Iowa In stitu te  of Hydraulic Research.
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Iowa is the basis of this paper. The thesis was prepared under the 
supervision of the senior author.
The tests were conducted in the laboratory of the Iowa Institute 
of Hydraulic Research — an integral part of the College of E n­
gineering of which F r a n c is  M. D a w s o n  is Dean. P r o f . E. W. 
L a n e  is Associate Director in Charge of the Laboratory.
3. Interest in Silt Problems Pertinent to China. — Much has been 
written about silt and its transportation in traction, saltation, and 
suspension. A bibliography 1 of more than one thousand references 
was compiled on the subject by the U. S. Bureau of Reclamation in 
1933. Millions of dollars have been spent in America alone on large- 
scale experiments in erosion control methods and practices. To 
attempt to review in any detail the literature bearing on the silt- 
transportation problem seems futile.
The Chinese were probably the first to study silt problems in rela­
tion to floods on the Yellow River. C. H. Pan, a high officer and 
river expert in the Ming dynasty (1368-1643) devoted himself to 
studying the problems of the Yellow River for 27 years (1565-1591). 
During the later years of his life he wrote a 14-volume treatise on 
“General Features of River Control” which was published in 1590 
and reprinted by the Hydraulic Engineering Society of China in 
1936.
Pan urged that the proper way “to remove the silt deposited on 
the bed (of the river) was to concentrate the flow (of water) and 
to maintain the stream by its own current.” He noted that the Yellow 
River was the muddiest one in China and added that “the silt will be 
deposited unless we have very swift current. In case the flow is 
divided, the power is reduced, silt will be deposited and finally the 
river will be silted up.” 5
Pan did not favor dredging as a means of regulating the river, 
stating that “the depth of the river is from 30 to 70 ft. and its 
width is from 2000 ft. to one mile. I t is saturated with billions of 
tons of silt. Suppose five miles of river are to be dredged, how many 
laborers will be employed and how many months and days will be 
spent on it? And where shall we put this large amount of silt 
dredged? . . .  To wash out the silt by current is as easy as to melt
4 U. S. Bureau of Reclamation, “ Bibliography on the Subject of Transportation of 
Solids by Flowing W ater in Open Channels.” P a rts  I  & I I ,  (1933).
5 Pan, C. H ., “ General Features of River Control,” (F irs t  edition, 14 vols., published 
in 1590. Reprinted by Hydraulic Engineering Society of China as 4 vol. edition in 1936).
http://ir.uiowa.edu/uisie/11
TRANSPORTATION 03? D E T R IT U S — II 3
snow with boiling water. Dredging is used only for small canals 
and not for the Yellow River.” 6
Prominent among engineers who have in recent years devoted of 
their time and energies to the study and control of silt problems in 
China are Dr. John R. Freeman,7 late president of the American 
Society of Civil Engineers; Dr. Hubert Engels,8 formerly professor 
of hydraulics at the Technical University of Dresden; the late Prof. 
O. Franzius 9 of the Technical University of Hannover; Mr. I. C. 
L i 10 of the Hydraulic Engineering Society of China; Dr. S. T. Li, 
president of the National Pei Yang University, and Mr. S. T. Su,11 
chief engineer of the North China River Commission; and Mr. H. 
Y. Chang,12 chief engineer of the Yellow River Commission.
The generation of Chinese engineering graduates who are now 
preparing themselves for professional work includes many who have 
studied diligently certain phases of silt and detritus transportation. 
These young engineers, sent as students to America and Europe by 
the Chinese government, find their academic researches in various 
stages of development — some published, some completed but un­
published, and some in progress. Their interest in silt problems is 
reflected in the titles of representative research projects listed below.13
6 Pan, C. H ., Op. Cit., v. 1, p. 61.
7 Freem an, John R., “ Flood Problems in China.” Transactions, Am. Soc. C. E-, v. 85, 
pp. 1405-60 (1922).
8 Engels, H ., “ Grossmodellversuche über das Verhalten eines S tark  SchwemmstofT- 
ührenden, m it geradlinigen befestigten M ittel W asserufern  versehenen Flusslaufes bei 
verschiedenen Breiten des Hoch Wasserbettes.” (1932). B ulle tin  5, National Economical 
Council, China (1936).
, “ Grossmodellversuche über das Verhalten eines gewundenen, Schwemmstoff-
ührenden Flusslaufes m it befestigtem M ittel W asserbett und befestigten Vorländern unter 
der einwirkung wechselnder W asserstände und verschiedenartiger Eindeichungen.” (1934). 
Bulletin  5, National Economical Council, China (1936).
9 F ranzius, O., “ Projects of the Flood Control, Navigation and Irriga tion  for the Huai 
River System.”  Official Technical Report No. 1, The H uai R iver Commission, China, 
(1930).
10 U ,  I . C., “ General Features of the Yellow R iver and I ts  Im provem ent,” The Yellow 
River Commission, China, (1935).
11 L,i, S. T. and S. T. Su, “ The Radical Improvem ent Scheme for the Yung Ting H o.” 
The North China River Commission, (1933).
12 Chang, H. Y ., “ Soil of the Yellow River Basin and I t s  Erosion,” H ydraulic Engineer­
ing, Hydraulic Engineering Society of China, v. 6, Nos. 1 and 2, pp. 79-111 (1934).
13 Chou, T . Iy., and Y. Iy. Chang, “ A  Study of the Problem of Transportation of Bed 
M aterials in  R iver and Estuary  Flow and of the  Investigation of River Flow Problems 
by Means of Models.” Unpublished thesis, V ictoria U niversity  of M anchester, (1936).
Chyn, S. D., “ An Experim ental Study of the Sand T ransporting Capacity of Flowing 
W ater on Sandy Bed and the Composition of the Sand.” Unpublished thesis, M assachusetts 
In s titu te  of Technology, (1935).
Ho, P. Y., “ Stable Channels in an  Alluvial Bed.” Research in progress, U niversity  of 
Iyondon.
W ang, G. C., “ Suspended IyOad in Flowing W ater .” Research in progress, Technical 
U niversity a t Karlsruhe, Germany.
The University of Iowa 
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4. Scope. — This study is an extension of an investigation which 
was begun as a master’s research project at the University of Iowa 
in 1934.14 It is a sequel to a group of studies by F. T. Mavis, Chitty 
Ho, and Yun-Cheng Tu published as a Bulletin of the University of 
Iowa Studies in Engineering.15 It does not include a digest or critical 
review of selected investigations of bed-load transportation which 
are reviewed in the papers referred to.
The study comprised first, the collection of data on bed-load move­
ment from more than 400 experiments on six gradations of granular 
materials tested under conditions of known slope, depth, discharge, 
and velocity distribution; and second, an analysis of these data par­
ticularly with the view to determining whether tractive force or 
bottom velocity is the more stable criterion for the rate of bed-load 
movement.
E x p e r i m e n t s
5. Apparatus. — The tests were conducted in a wooden flume 32 
ft. long, 32 in. wide, and 16 in. deep. The flume was lined with ^-in. 
wall-board and suspended at ends and midspan from the ceiling 
beams on the second floor of the laboratory. A sketch of the appara­
tus is shown in Fig. 1.
Water was supplied to the flume through a 6-in. pipe connected to 
the constant level tank of the laboratory’s circulating water supply 
system. The water first entered a galvanized sheet-metal stilling 
chamber 3 ft. long, 2 ft. 9 in. wide, and 3 ft. 6 in. deep. A horizontal 
wooden baffle-plate was constructed around the inlet pipe 1 ft. above 
the bottom of the chamber and a vertical wooden baffle-plate was 
placed at the downstream side of the chamber. A third baffle made 
of 6-in. by 12-in. sheets of galvanized metal spaced f  in. apart and 
set vertically was placed 1 ft. downstream from the wooden baffle.
A false wooden floor 18 ft. long, with a recess 9 ft. 10 in. long, 
2 ft. wide, and 2 in. deep for holding materials to be tested, was 
constructed on the bottom of the flume. The approach to this false 
bottom was made of cement mortar troweled smooth and the up­
stream 18 in. of its total length of 3.5 ft. was a curved surface 
convex upward.
A tailgate hinged to the false floor was used to regulate depths of
14 Iviu, T . Y. and A. N . C arter, “ Transportation of the Bottom I*oad in an Open 
Channel.” Unpublished thesis, The State University  of Iowa, (1935).
15 Mavis, F . T., Chitty Ho, and Y. C. Tu, “ The Transportation of D etritus by Flow­
ing W ater —  I . ” Bulletin  5, Studies in Engineering, The State U niversity of Iowa, (1935).
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F ig . 1. S k e t c h  S h o w in g  A r r a n g em en t  o f  A p p a r a t u s .
flow and a ¿-in. slot between the gate and the floor allowed the 
material transported to pass into a sand trap.
The sand trap was a sheet-metal box 32 in. wide, 24 in. long, and
8 in. deep, in which the velocity of water was reduced. Material 
eroded from the sand bed was deposited in the trap while the water 
passed over a partition wall into a weir tank.
Rates of water flow were measured by a 90-degree V-notch weir 
which had been calibrated gravimetrically as a part of this study. 
The weir tank, 6 ft. long, 28 in. wide, and 30 in. deep, was made 
of galvanized sheet-metal and was fitted with wooden baffles which 
effectively distributed the flow to the notch. For heads less than
0.75 ft. the rating curve was represented by the equation
Q = 2.57 H 5/2 (1)
in which
Q = discharge in cu. ft. per sec.
H  = head in ft.
The mean deviation of discharge observations from the rating curve 
was 0.8 per cent.
Elevations of sand and water surfaces were measured by a point 
gage mounted on a frame which could be moved lengthwise and 
crosswise of the flume. All elevations at a given station were meas­
ured with reference to the elevation of the side rails of the flume. 
They were converted to a common datum on the basis of readings 
at the same station referred to a static water surface with the flume 
filled to a depth of 4 in. to 8 in. of water.
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D i a m e t e r  i n m m
F ig . 2. M e c h a n ic a l  A n a l y s is  C urves of M a teria ls  
T ested .
F ig . 3. P h o t o g r a p h s  o f  M a t e r i a l s  T e s te d .  Smallest Division 
of Scale is 1 mm.
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Velocity distributions at certain cross-sections were measured 
during each test by means of a Pitot tube which had been calibrated 
for a range from 1 to 5 ft. per sec.
6. Materials. — Commercial sand from the Iowa River at Iowa 
City was used in the tests. Nearly a ton of pit-run sand was air dried 
in the laboratory and screened into four grades, designated by the 
numerals I to IV in order from coarse to fine. Material V was a 
mixture of I and II and material VI was a mixture of III  and IV. 
The mechanical analysis curves of the six grades of materials tested 
are shown in Fig. 2, and Fig. 3 shows photographs of the materials. 
Table 1 summarizes the physical properties of each material and
T a b l e  1
S u m m a r y  o p  P h y s i c a l  P r o p e r t ie s  o f  M a t e r ia l s  T e s t e d
Max. Size in mm. Quartile Mean Uniformity No. of
Material
25%
of Finest 
50% 75%
Ratio * Diam.
dM
mm.
Modulus
M
Grains 
in Sample
I 3.7 4.3 4.9 0.75 4.4 0.72 2459
II 2.7 3.1 3.8 0.71 3.4 0.71 4734
III 1.9 2.2 2.6 0.73 2.3 0.68 9169
IV 1.2 1.4 1.6 0.75 1.4 0.67 2413
V 3.1 3.8 4.4 0.70 3.6 0.66 1486
V I 1.3 1.7 2.1 0.62 1.8 0.58 1276
* Ratio of 25% size to 75% size.
shows values of mean diameter and “uniformity modulus” proposed 
by Kramer.16 If p is the percentage, by weight, of a granular ma­
terial finer than a corresponding diameter d, the mean diameter of 
grain
100
d M = 2  d • A p (2)
0
and the “uniformity modulus”
50
2  d ■ A p
--------- (3)
2  d ■ A p
50
The mean diameter of a given material shown in Table 1 is the 
diameter of a sphere whose weight is the average of weighed and 
counted samples of 1276 to 9169 grains. The apparent specific 
gravity of each material was 2.66 as determined by standard methods.
7. Procedure. — The flume was leveled by adjusting the turn-
1 6  Kramer, Hans, “ Sand M ixtures and Sand Movement in Fluvial Models.” Trans- 
actions, Am. Soc. C. E ., v. 100, p. 835, (1935).
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buckles on the suspender rods and elevations of the bottom of the 
flume were read to 0.001 ft. by direct leveling at intervals of 3 ft. 
along the length of the flume. The relative positions of reference 
points on the flume and on the ceiling beams adjacent to each hanger 
were measured with the flume leveled. Subsequent settings of the 
flume for different slopes were made by adjusting the lengths of 
hangers. Water surface slopes, and the elevations at different stations 
along the flume, were checked at intervals on the basis of direct point - 
gage readings on a static water surface.
The granular material to be tested was thoroughly mixed and 
placed in the recess in the false floor. The surface was struck to a 
plane with a straight-edge and tamped lightly with a trowel. Read­
ings were then taken with the point gage at 2 ft. intervals along the 
flume to determine the elevations of the sand surface at the beginning 
of the test.
The tailgate was raised and the inlet valve was opened slightly 
until the depth of water in the flume was approximately that to be 
used in the test. Then the discharge was increased slowly and the 
depth of flow was regulated by the tailgate to maintain substantially 
steady flow conditions. The condition of the sand bed was observed 
carefully as the rate of flow was increased. When the sand grains 
appeared to be in a state of impending motion, indicating competence, 
the first test in a series was begun.
Elevations of the water surface along the center-line of the flume 
were measured with the point gage at intervals of 2 ft. from station
0 at the upstream edge of the sand bed to station 10 (feet) at the 
downstream edge.
The distribution of velocity in the cross-sections at the upper and 
lower ends of the sand bed was observed by means of a Pitot tube. 
The upper section was over the approach channel 6 in. upstream from 
the sand bed and the lower section was over the false floor 6 in. 
downstream from the sand bed. In each cross-section data were 
obtained for velocity-depth curves at the center of the flume, C, at 
the quarter points of the sand bed, L  and R, and at points designated 
by L L  and RR  along the border. In each section velocities were 
determined at points 0.02 ft. and 0.05 ft. above the plane of the 
false floor and at other points as required to define velocity-depth 
curves satisfactorily. Surface velocities were determined by float 
measurements over a 10 ft. reach and represent the average of not 
less than three readings in each case.
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After the data on depths, slopes, rates of discharge and velocity 
distributions had been recorded for conditions which appeared to be 
competent, the rate of flow was increased, the tail-gate was raised to 
maintain essentially uniform flow, and observations of water surface 
elevations and velocity distributions were made as before. If the 
materials of the bed did not start to move under these conditions, 
the rate of flow was again increased and the tests were repeated. The 
test in this series, finally accepted as the one for competence, was the 
test next preceding the one in which material was transported when 
the flow was increased slightly. Determinations of competence were, 
therefore, dependent not upon visual observations of a single test 
under conditions of impending motion but upon observations of not 
less than two graded tests under conditions of rest and motion re­
spectively.
In the tests of load the sand bed was prepared, preliminary ob­
servations were made, and the flow was regulated as described above. 
Material transported from the sand bed by the flowing water was 
collected in the sand trap. The bed material was replenished by 
pouring sand slowly into the stream at the upper end of the approach 
to the sand bed at a rate which apparently maintained steady con­
ditions.
As a part of each test the following observations were made: head 
on the V-notch weir; point-gage readings on the water surface in 
the flume at stations 2 ft. apart from Station 0 to Station 10; velo­
cities by Pitot tube at points in cross-sections 6 in. upstream and 
6 in. downstream from the sand bed; surface velocities by floats; 
water temperature; time of beginning and end of detritus collection 
period; and weight of material collected during the period. Notes 
were entered describing the appearance of the sand bed and water 
surface, and the character of bed-load movement.
The material in the sand trap and on the false floor below the sand 
bed collected during the test period was placed in a one-gallon can 
which was then filled to overflowing with clear water and weighed. 
The can brimful of clear water alone was also weighed. The absolute 
(dry) weight, IV, of material transported was computed from A W, 
the difference of the foregoing weights by the relation
A W  ■ sW  = , (4)
s -  1
in which j  is the apparent specific gravity of the sand.
The range of variables covered by the tests is indicated in Table 2.
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During the period May 26 to October 2, 1936, a total of 407 tests 
were made including 336 determinations of load.
T able 2
R a n g e  op V aria bles C overed by T e sts
Variable Minimum Maximum Unit
Mean grain size 1.4 4.4 mm.
Uniformity modulus 0.58 0.72 ratio
Nominal slope Vs 1.0 per cent
Depth of flow 0.023 0.436 ft.
Discharge 0.0S1 2.750 sec. ft.
Mean velocity 0.8S 2.86 ft. per sec.
Surface velocity 1.12 3.12 ft. per sec.
Bottom velocity * 0.70 2.30 ft. per sec.
Duration of test 20 65 min.
Total load 0 61.1 lb.
Unit load 0 60.7 lb. per ft. hr.
W ater temperature 22.5°C. (72°F.) 30.5°C. (87°F.)
* Estim ated from velocity-depth curves.
Early in the testing program it was found that the velocity dis­
tribution curves at the upstream end of the sand bed differed ma­
terially from those at the downstream end of the bed due to differ­
ences in the roughness of the approach and the bed itself. It was 
also found that proportionately greater scour sometimes occurred 
adjacent to the borders of the sand pit near the approach. These 
irregularities were reduced by tacking pieces of screen to the smooth 
floor of the flume in various combinations as indicated in Table 3. 
Screens used on the approach were 32 in. wide, extending wholly 
across the flume, and 30 in. long, and were either of No. 6 or No.
T able 3
A r r a n g e m e n t  op S creen s  to E q u a l iz e  S cour  a n d  V elocity  D is t r ib u t io n s
Material Slope Run No. Approach Screen Border Screens
I 1:100 All No. 6 No. 6
1:200 27-33 No. 12 No. 6
1:200 34-38 No. 6 No. 6
1:400 All No. 6 None
II 1:100 All No. 12 No. 12
1:200 All No. 6 No. 6
1:400 All No. 6 No. 12
1:800 1-9 No. 6 None
II I All All None No. 12
IV All All None No. 12
V 1:100 All No. 12 No. 12
1:200 All No. 12 No. 12
1:400 All No. 12 None
1:800 All No. 12 None
VI All All None No. 12
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12 mesh. Screens used along the borders were of the same mesh 
sizes, and were 4 in. wide and 3 ft. long.
The effect of the border screens on the formation of the sand bed 
is indicated in Fig. 4. Both tests were conducted under identical 
conditions of material, placing, slope, depth, discharge, and period 
of test. Fig. 4 (a) shows the sand bed at the end of the test conducted 
without border screens and Fig. 4 (b) shows the bed after a test in
F ig . 4. E f f e c t  o f  B o rd e r  S c r e e n s  o n  F o r m a t i o n  o f  S a n d  Bed. 
(a )  W ithout Screens; (b) W ith No. 12 Border Screens.
which a strip of No. 12 screen was tacked to the side borders of the 
flume.
8. Summary of Data. — Table 4 is typical of the detailed sum­
maries of the test data. The significance of terms is explained below:
Col. 1: Test number
Col. 2: Q = Rate of water discharge, in sec. ft.
Col. 3: D 0 = depth of flow at Station 0, in ft.
Col. 4: D 10 = depth of flow at Station 10, in ft.
Col. 5: D = mean depth obtained from plotted profiles, in ft.
Col. 6-8: A = 2.69D, in sq. ft., corresponding to Col. 3-5.
Col. 9-12: Velocities at Station 0, in ft. per sec.
Col. 9: Vmm =mean velocity determined from measured velocity distribution 
curves, in ft. per sec.
Col. 10: Vcm = - j - ,  in ft. per sec. 
o
Col. 11: Vmi = bottom velocity estimated by extending velocity distribution 
curve to false bottom, in ft. per sec.
Col. 12: Vcb = . Vcm, in ft. per sec.
mm
Col. 13-16: Velocities at Station 10 (See Col. 9-12).
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T able  4
T y p ic a l  S u m m a r y  o f  T e s t  D a t a  —  M a t e r i a l  II I , S lo p e  1 :400
Run c
Depthf ft. Area sq. ft. Velocity, ft. per eeo.
No.
Of .
o
© D0 DlO D Ao. A10 A
vmm
Station Q 
Vcm Vmb vnh Vt*n
Station 10 
Van Vmb vob Vb
Kean
vm v„
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 .487 .144 .144 .142 .287 387 .382 1.27 1.26 1.09 1.08 1.24 1.26 .98 1.00 1.03 1.28 1.61
2 .717 .180 .178 .177 .483 .479 .476 1.52 1.49 1.18 1.16 1.53 1.50 1.06 1.04 1.12 1.51 1.89
3 .871 .195 .193 .192 .524 519 .516 1.64 1.66 1.20 1.21. 1.71 1.68 1.08 1.06 1.14 1.69 1.96
4 .923 .205 .204 .202 .551 549 .543 1.68 1.68 1.21 1.21 1.71 1.68 1.20 1.18 1.20 1.70 1.96
5 .955 .211 .208 .208 .567 559 .559 1.74 1.69 1.35 1.31 1.80 1.73 1.36 1.31 1.35 1.73 2.15
6 1.010 .218 .217 .214 .586 584 .576 1.79 1.73 1.50 1.45 1.77 1.73 1.38 1.35 1.44 1.75 2.08
7 1.073 .224 .220 .222 .602 592 .597 1.84 1.78 1.52 1.47 1.81 1.81 1.39 1.39 1.46 1.80 2.13
8 1.150 .238 .234 .237 .640 629 .637 1.90 1.80 1.57 1.49 1..89 1.83 1.36 1.32 1.47 1.81 2.17
9 1.244 .244 .243 .247 .656 653 .664 1.95 1.90 1.52 1.48 1.96 1.90 1.43 1.39 1.49 1.88 2.25
10 1.292 .255 .255 .250 .686 686 .672 2.00 1.88 1.65 1.55 1.98 1.88 1.42 1.35 1.53 1.92 2.22
11 1.340 .262 .255 .256 .704 686 .688 2.02 1.90 •1.62 1.52 2.00 1.96 1.48 1.45 1.55 1.95 2.33
12 1.430 .'263 .262 .263 .707 704 .707 2.09 2.02 1.70 1.64 2.03 2.03 1.'37 1,37 1.54 2.02 2.38
13 1.447 .264 .260 .263 .710 699 .707 2.09 2.04 1.61 1.57 2.14 2.07 1.52 1.47 1.57 2.05 2.27
14 1.490 .274 .274 .274 .737 737 .737 2.13 2.02 1.64 1.55 2.12 2.02 1.47 1.40 1.56 2.02 2.50
15 1.493 ..281 .276 .276 .755 742 .742 2.13 1.98 1.70 1.58 2.11 2.01 1.46 1.39 1.58 2.01 2.38
16 1.580 .271 .271 .272 .729 729 .731 2.40 2.17 1.62 1.47 2.26 2.17 1.59 1.53 1.61 2.16 2.50
17 1.613 .272 .272 273 .731 731 .734 2.41 2.20 1.63 1.49 2.28 2.20 1.56 1.51 1.60 2.20 2.50
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Movement
1 20 21 22 23 24 25 26 27 28 29 30 31
1 2.50 .355 30.5 .0159 Light ripplea Smooth Competence
2 .15 2.60 .460 .095 " .0158 .10 25 .12 do. do. Weak;rolling
3 .17 2.50 .480 .115 " .0147 .10 23 .13 do. do. do.
4 .23 " .505 .140 " .0151 .30 22 .41 do. do. Medium;rolling
5 .38 " .520 .155 29.5 .0152 2.61 35 2.22 do. do. do.
6 .47 " .535 .170 30.0 .0153 1.81 31 1.74 Rippleo do. do.
7 .49 " .555 .190 " .0152 3.61 34 3.16 do. do. do.
8 .50 " .593 .228 " .0158 7.62 37.5 6.06 do. do. do.
9 .52 " .618 .253 " .0156 8.03 25 9.57 do. do. do.
10 .56 " .625 .260 29.5 .0154 12.95 30 12.85 do. do. do.
11 .58 2.70 .691 .326 30.0 .0161 11.56 25 12.78 do. • do. do.
12 .57 2.50 .658 .293 30.2 .0152 14.35 23 18.60 do. do. do.
13 .60 2.85 .750 .386 30.5 .0158 14.55 21 20.66 do. do. General¡rolling
14 .59 2.60 .712 .347 " .0159 18.75 23 24.30 do. Light looal riffles do.
15 .61 " .718 .353 30.3 .0161 18.76 23 24.30 do. do. do.
16 .64 2.90 .788 .423 30.5 .0156 35.50 25 42.30 Looal Tiaves Looal rifflee General;81id ing
17 .63 2.50 .683 .318 .0143 30.90 21 43.85 do. do. do.
•Slop« in ft. per 1000 ft.
Col. 17: Vb = mean of Vmb at Stations 0 and 10, in ft. per sec.
Col. 18: Vm = ^T’ ’n ft- Per sec-
Col. 19: Vs = surface velocity by floats traversing a 10-ft. course, in ft. 
per sec.
Col. 20: Vb — F c = the difference between mean bottom velocity for a given 
test and the average competent bottom velocity for the material 
tested.
Col. 21: Surface slope obtained from water surface profiles, ft. per thou­
sand ft.
Col. 22: DS  = the product of Col. 5 and Col. 21, in ft. per thousand.
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Col. 23: DS  — DCSC = the difference between DS  for a given test and the 
average competent DCSC for the material tested.
Col. 24: Temperature of water, in deg. C.
Col. 2 5 : Manning’s n computed from
n = 1-486 D2/ 3S 1/ 2
^m
in which Vm = the mean velocity, ft. per sec., from Col. 18;
D = the average depth of flow, ft., from Col. 5; 
and S  = surface slope of flowing water from Col. 21, ex­
pressed as a ratio.
A W  ■ s
Col. 26: W  = ---------------  total dry weight of material transported from sand
s -  1
bed during test period.
Col. 27: t  = test period, in min.
Col. 28: L = rate of load, in lb. per ft.-hr. Col. 26 divided by product of 
Col. 27 and the width of bed, 2.02 ft.
Col. 29-31: Descriptions of the flow condition, bed condition, and material 
movement, respectively.
A n a l y s is  o f  D a t a
9. Manning’s n. — The roughness factor in Manning’s formula 
was computed for each test from observations of mean velocity, 
hydraulic mean depth, and surface slope under conditions of flow 
essentially steady and uniform. For each of the six materials tested 
the roughness factors, n, were plotted as abscissas with the corres­
ponding depth of flow as ordinates.17 The data are summarized in 
Table 5. Within the range of variables covered by the tests the 
roughness factor was independent of the depth of flow for a given 
material. The roughness factor varied with the median grain size 
and was consistently greater for the coarser of two materials. One 
half of the values of n computed from the tests of a given material 
differed from the corresponding median n by less than 6 per cent.
T able  5
M a n n i n g ’s  n S u m m a r iz e d  f ro m  T e s t  D a t a
Mean 
Deviation 
Per Cent
5
6 
6 
4
3
4
Median Manning’s n
Material Diameter
mm.
Lower
Quartile Median
Upper
Quartile
I 4.3 .0156 .0165 .0171
II 3.1 .0149 .0159 .0168
III 2.2 .0145 .0155 .0164
IV 1.4 .0133 .0140 .0145
V 3.8 .0160 .0165 .0171
VI 1.7 .0144 .0149 .0156
17 Similar data for other sands are  shown in  “ Studies of R iver Bed M aterials and 
their Movement, with Special Reference to the Lower Mississippi R iver,”  Paper 17, U . S. 
W aterways Experim ent Station, Vicksburg, Miss., January , 1935.
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10. Competence Criteria. —
(a) Bottom Velocity 
Table 6 shows the observed competent bottom velocities for each 
material and slope. The observed bottom velocities were obtained 
by extrapolating velocity distribution curves which were well defined 
by Pitot tube observations above a level 0.02 ft. above the bottom of 
the flume. The velocities tabulated for each material and slope are 
the means of velocities observed in six verticals, three 6 in. upstream 
and three 6 in. downstream from the sand bed (Sections L, C, R ). 
For a given material the observed competent bottom velocities are 
reasonably consistent with each other and they agree well with the 
formula 18
Va = id*/tv7 Z 1 (5)
in which
Vc = the competent bottom velocity, in ft. per sec. 
d = diameter of unigranular material, in mm.
= specific gravity of material, viz., 2.66.
T a b l e  6 
C o m p e t e n t  B o t t o m  V e l o c it ie s
Diarn. _______ Competent Bottom Velocity, Ft. per Sec._______
Material d Observations at Slopes Indicated Mean Computed *
mm. 1:800 1:400 1:200 1:100
I 4.4 1.32 1.19 1.19 1.26 1.24 1.24
II 3.4 1.04 1.10 1.12 1.10 1.09 1.11
II I 2.3 1.01 1.03 0.98 0.88 0.97 0.98
IV 1.4 0.88 0.94 0.81 0.70 0.83 0.75
V 3.6 1.21 1.36 1.31 1.17 1.26 1.14
V I 1.8 0.94 0.95 0.91 0.92 0.93 0.84
* See paragraph 10(a).
(b) Slope-Depth
Table 7 shows products of slope of water surface and depth of
T able 7 
C o m p e t e n t  S lope- D e p t h s
Diam. Slope-Depth Product at Competence, in ft.. x  10~3
Material d Observations a t Slopes Indicated
mm. 1:800 1:400 1:200 1:100 Mean Computed *
I 4.4 0.61 0.66 0.60 0.76 0.66 0.66
II 3.4 0.34 0.50 0.51 0.65 0.50 0.51
II I 2.3 0.31 0.36 0.36 0.43 0.36 0.35
IV 1.4 0.18 0.18 0.20 0.23 0.20 0.21
V 3.6 0.49 0.50 0.71 0.74 0.61 0.54
VI 1.8 0.26 0.27 0.25 0.28 0.26 0.27
*DCSC = 0.15 dmm ft. X 10—3
18  Mavis, Ho, and T u, Op. Cit. , pp. 50 -53.
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flow at the competent state for each material and slope. The slope, S, 
in ft. per 1000 ft., is the slope in best agreement with the water sur­
face profiles plotted from observations taken along the center line 
of the flume.
T a b l e  8
S u m m a r y  o p  C o m p e t e n t  S l o p e - D e p t h  D a t a  *
No. Diam.d
Uniformity
Modulus
Specific
Gravity
Critical
D,SC
d
M  O “ 1) Experimenter
mm. M .s Ft. x  1 0 -3
1 1.5 0.56 2.65 0.25 4.5 F. Schaffernak
2 6.5 1.00 2.6 1.78 10.4 A. Schokolitsch
3 4.0 1.00 2.6 0.86 6.4 <<
4 2.3 1.00 2.6 0.37 3.7 <1
5 1.2 1.00 2.6 0.14 2.0 tt
6 0.92 1.00 2.6 0.092 1.5 it
7 0.38 0.82 2.68 0.079 0.8 H. Krey
8 0.53 0.87 2.61 0.092 1.0 it
9 0.80 0.78 2.57 0.10 1.6 “
10 1.2 0.26 2.65 0.17 6.5 P. E. I.
11 0.85 0.28 2.65 0.14 5.0 «
12 0.84 0.37 2.65 0.19 3.8 it
13 0.74 0.40 2.65 0.18 3.1 “
14 0.24 0.44 2.65 0.079 0.9 ft
IS 0.81 0.36 2.65 0.18 3.8 “
16 0.69 0.42 2.65 0.16 2.7 tt
17 1.5 0.23 2.65 0.33 10.8 H. Engels
18 0.58 0.90 2.69 0.13 1.1 G. K. Gilbert
19 1.9 0.71 2.69 0.20 4.5 tt
20 3.7 0.87 2.69 0.97 7.2 tt
21 5.3 0.82 2.65 1.60 10.7 tt
22 0.71 0.36 2.70 0.17 3.4 Hans Kramer
23 0.56 0.46 2.70 0.13 2.1 ft
24 0.80 0.41 2.70 0.16 3.3 it
25 0.59 0.28 2.65 0.15 3.5 U. S. W . E. S.
26 0.54 0.44 2.65 0.14 2.0 it
27 0.52 0.54 2.65 0.14 1.6 il
28 0.51 0.41 2.65 0.13 2.1 tt
29 0.48 0.44 2.65 0.13 1.8 it
30 0.35 0.64 2.65 0.096 0.9 tt
31 0.31 0.52 2.65 0.11 1.0 it
32 0.20 0.56 2.65 0.075 0.6 if
33 4.1 0.57 2.65 0.093 12.0 ti
34 4.4 0.72 2.66 0.66 9.8 T . Y. Liu 
it35 3.4 0.71 2.66 0.50 7.9
36 2.3 0.68 2.66 0.36 5.7 tl
37 1.4 0.67 2.66 0.20 3.5 ii
38 3.6 0.66 2.66 0.61 9.1 tt
39 1.8 0.58 2.66 0.26 5.2
* Nos. 1-24 from “ Sand M ixtures and Sand Movement in Fluvial Models,”  by H ans 
Kram er, Transactions, Am. Soc. C. E ., v. 100, p. 831 (1935).
Nos. 25-33 from “ Studies of River Bed M aterials and T heir Movement, with Special 
Reference to the IyOwer Mississippi R iver,”  Paper 17, U . S. W aterways Experim ent 
Station, Vicksburg, Miss. (Jan . 1935).
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The competent slope-depth for the six materials tested may be 
expressed as a linear function of the mean grain diameter
DcS0 = 0.15 d (6)
in which
DcSc = the competent slope-depth, in ft. x 10“ 3 
d = mean grain diameter in mm.
The agreement between observed and computed competent slope- 
depths is indicated in Table 7.
Table 8 shows a summary of data on competent slope-depths in­
cluding data abstracted from published reports of previous tests. 
Fig. 5(a) shows these data plotted with competent slope-depths as 
abscissas and a measure of the physical properties of the materials 
as ordinates. The curve shown on this figure is represented by the 
formula
DCS C = 0.02 J j l ( j - l ) J  15 + 0.07 ft. per 1000. (7)
in which
M  = the “uniformity modulus” (See section 6) 
s = apparent specific gravity of material. The mean 
of the specific gravities was 2.66, ranging from 
2.57 to 2.70 for the 39 materials shown.
Fig. 5(b) shows the data plotted with competent slope-depths as 
abscissas and mean grain diameters as ordinates. The line shown is 
represented by the formula
DCSC = 0.08 d150 + 0.07 ft. per 1000. (8)
The mean absolute deviation of observed competent slope-depth from 
corresponding competent slope-depth indicated by the curve is 23 
per cent where diameter of grain, d, is the independent variable, and
27 per cent where the term, ( s -  1), is the independent variable.
If all observations are given equal weight there appears to be no 
justification for retaining the uniformity modulus in its present form 
as a numerical factor in an empirical relationship between competent 
slope-depth and the geometrical properties of the bed materials.
11. Load Criteria. —  The rate of bed load movement, or the load 
in pounds of material per foot width of channel passing a given sec­
tion per hour, is a function of the excess bottom velocity (or excess 
slope-depth) over the competent. The competent bottom velocity (or 
the competent slope-depth) can be determined within fairly narrow 
limits if the physical and geometrical properties of the bed materials
http://ir.uiowa.edu/uisie/11
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are known. The load, however, depends not only on the physical and 
geometrical properties of the materials but also on the excess bottom 
velocity (or excess slope-depth) which is the difference between 
existing bottom velocity (or slope-depth) and the bottom velocity 
(or slope-depth) which corresponds to the state of impending motion 
of the bed materials.
The relationships between load and excess bottom velocity — and 
load and excess slope-depth — are based on an analysis of data on 
bottom velocity, slope-depth, and load obtained from the same tests. 
Only loads greater than 1.0 lb. per ft. hr. were considered in the 
analysis. Formulas for load were derived by the method of least 
squares solely with the view to eliminating the personal factor in ex­
pressing the relationships.
Fig. 6 shows excess bottom velocities as ordinates and correspond­
ing loads as abscissas for each bed material and slope. The ex­
ponential curve in best agreement with the data for loads greater 
than 1.0 lb. per ft. hr. for each material is shown on the figure.
Fig. 7 shows excess slope-depths as ordinates and corresponding 
loads as abscissas for each bed material and slope. The exponential 
curve in best agreement with the data for loads greater than 1.0 lb. 
per ft. hr. for each material is shown on the figure.
Table 9 shows a summary of the coefficients, cr and c2, and ex­
ponents, m and n, in the formulas
L = Cl ( V b-  Vc)m (9)
and
L = c2 (D S-D oSo)” (10)
in which
L  = load in lb. per ft. hr.
Vb- V c = excess bottom velocity, in ft. per sec.
DS  -  I)(Sc = excess slope-depth, in ft. x  10 ~3
Table 9 also shows the root-mean-square deviation between observed
T able 9
C o e f f i c i e n t s ,  E x p o n e n t s ,  a n d  R. M. S. D e v ia t io n s  f o r  L o a d  F o r m u l a s
Mean R. M. S. R. M. S.
M a­ Diara. Quartile Deviation Q Deviation
terial d Ratio ci m Per cent of n Per cent of
mm. (V >-Vc) {DS ~DCSC)
I 4.4 0.7S 58 3.03 15 133 3.25 39
II 3.4 0.71 113 4.00 23 380 3.21 39
II I 2.3 0.73 148 5.18 16 930 3.33 28
IV 1.4 0.75 148 4.03 22 1460 3.09 19
V 3.6 0.70 360 6.34 21 261 3.82 22
VI 1.8 0.62 227 3.47 18 2440 3.88 19
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I Z 3  4  5  6 7 8910  20 3 0  4 0 5 0 6 0 7 0
Load in Pounds p e r  Toot per Hour
F ig . 6. R e l a t io n  B e t w e e n  L o a d  a n d  E x c e s s  B o t t o m  V e l o c it y .
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excess velocities (or slope-depths) and the corresponding values 
indicated by the empirical formulas for the same material and load. 
These deviations, expressed in per cent of the excess velocity (or 
slope-depth), are a measure of the goodness of fit of the empirical 
formulas.
Individual formulas for load in terms of excess bottom velocity 
are in somewhat better agreement with the data than formulas in 
terms of excess slope-depth. However, the exponents in formulas 
based on excess slope-depth are less variable than exponents in 
formulas based on excess bottom velocity. Further, the coefficients 
in formulas based on excess slope-depth bear a consistent relation 
to mean grain size of bed materials. It appears, therefore, that within 
the limits of these experiments the excess slope-depth criterion has 
greater previsional value than the excess bottom-velocity criterion as 
a measure of the rate of bed load transportation.
Fig. 8 is a nomographic chart showing a relation between load, 
excess slope-depth, and grain size for unigranular materials and 
mixtures based on these tests. Corresponding values of the three 
variables lie on a straight line drawn to intersect the scales.
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C o n c l u s i o n s
12. Resume. — The tests reported herein deal with the bed load 
movement of six materials ranging in size from 1.4 mm. to 4.4 mm. 
mean diameter under conditions ranging from competence to loads 
of 60 lb. per ft. hr. The data from more than 400 tests were anal­
yzed in terms of bottom velocity and slope-depth as criteria for bed 
load movement. The analysis of the data has led to the following 
conclusions:
1. Manning’s n computed on the basis of the tests was 0.0140 
( ± 4  per cent) for the finest material and 0.0165 ( ± 5  per cent) for 
the coarsest material. The values of n were defined within limits of 
6 per cent mean absolute deviation and they varied consistently in 
order of grain size.
2. The competent bottom velocity, Vc, in ft. per sec., observed 
in the tests agreed with the formula suggested by Mavis, Ho, and 
Tu,
Ve = id4/° Vs-1
in which
d = diameter of unigranular material, in mm.
i  = specific gravity of material, viz., 2.66.
3. The competent slope-depth, DCS C in ft. x  10—3, on the basis of 
these tests is a linear function of the mean grain diameter, d, in mm.,
DCSC = 0.15 d ( ±  4 per cent)
4. The competent slope-depth, D„SC in ft. x 10—3, based on these 
tests and on reported tests of 33 other materials may be represented 
approximately by the relations
DCS C = 0.08 d16 + 0.07 ( ± 2 3  per cent)
and
J 15 + 0.07 ( ± 2 7  per cent) 
in which
M  = the “uniformity modulus” of the material.
If  all observations are given equal weight there appears to be no 
justification for retaining the uniformity modulus in its present form 
as a numerical factor in an empirical relationship between competent 
slope-depth and the geometrical properties of the bed materials.
5. The formulas for load in terms of excess bottom velocity are 
in better agreement with the observations on a given bed material
DCSC = 0.02 [
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than are the formulas for load in terms of excess slope-depth. How­
ever, in the formulas based on excess slope-depth the exponents are 
less variable and the coefficients bear a more consistent relationship 
to mean grain size. Within the limits of these experiments, therefore, 
the excess slope-depth criterion has greater previsional value than 
the excess bottom velocity criterion as a measure of the rate of bed 
load transportation.
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for undertaking projects of unusual magnitude, scope, or complexity 
in the field of hydrology and hydraulic engineering.
The Institute affords a connection through which technical so­
cieties, governmental departments, industrial corporations, and other 
interested parties may effectively co-operate with the University in 
the field of hydraulic research. Correspondence regarding the work 
of the Institute should be addressed to
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